INTRODUCTION
============

SUV39H2 is a member of the SUV39H sub-family of histone lysine methyltransferases ([@b35-bt_27-231]). Suppressor of variegation 3--9 homolog 1 (SUV39H1) and suppressor of variegation 3--9 homolog 2 (SUV39H2) trimethylate histone H3 on lysine 9 (H3K9me3), where heterochromatin protein 1 (HP1) recruits and induces heterochromatin formation, resulting in transcriptional repression or silencing of target genes ([@b36-bt_27-231]; [@b8-bt_27-231]; [@b25-bt_27-231]). *Suv39h1/h2* knockout mouse displayed spermatogenic defects with a delay into meiotic prophase in spermatocytes ([@b33-bt_27-231]). SUV39H1 interacts with Rb, mediates H3K9m3 on E2F target gene promoters including cyclin E and cyclin A, and thereby represses gene expression, indicating a growth-regulatory role of SUV39H1 ([@b31-bt_27-231]; [@b46-bt_27-231]). In addition, Rb-mediated H3K9m3 induction by SUV39H1 and heterochromatin formation was required for repression of S-phase gene promoters in cellular differentiation and senescence ([@b30-bt_27-231]; [@b3-bt_27-231]). The expression of SUV39H1 and SUV39H2 in mouse embryogenesis is overlapping and single disruption of SUV39H1 or SUV39H2 does not display noticeable phenotype changes ([@b32-bt_27-231]; [@b33-bt_27-231]), suggesting functional redundancy between those two histone methyltransferases.

Previously, it was reported that a single nucleotide polymorphism (SNP) in the 3′-untranslated (3′-UTR) region of SUV39H2 was associated with increased risk of lung cancer ([@b48-bt_27-231]), suggesting the functional importance of SUV39H2 in lung carcinogenesis. However, the roles and molecular mechanism of SUV39H2 in human cancer are not well established.

In this study, to identify functional partners of SUV39H2 proteins, we performed a yeast two-hybrid screen using SUV39H2 as bait and found that SUV39H2 interacts with translationally controlled tumor protein (TCTP), associated with many important cellular processes.

TCTP is highly conserved and ubiquitously expressed ([@b18-bt_27-231]; [@b9-bt_27-231]), and it was first reported as histamine-releasing factor implying a role in inflammation ([@b28-bt_27-231]). TCTP is secreted and found in the exosome associated with TSAP ([@b7-bt_27-231]). The expression of TCTP is tightly regulated during early development, and *tctp*-knockout mice were embryonic lethal displaying small size and higher incidence of apoptosis in the early embryo ([@b14-bt_27-231]; [@b24-bt_27-231]). TCTP plays a role in cell growth ([@b22-bt_27-231]; [@b34-bt_27-231]) and cell cycle progression, especially in the M phase. The protein binds to the mitotic spindle ([@b19-bt_27-231]; [@b11-bt_27-231]), and mutant TCTP at the Plk phosphorylation site inhibited the completion of mitosis ([@b47-bt_27-231]). In addition, TCTP is involved in protein synthesis ([@b12-bt_27-231]) and acts as a transcription factor for *oct4* and *nanog* ([@b23-bt_27-231]). Moreover, phosphorylated TCTP facilitates somatic cell reprogramming ([@b41-bt_27-231]).

TCTP has been reported to regulate several proteins related to apoptosis. TCTP stabilized MDM2 and promoted MDM2-mediated ubiquitination of p53, which targets p53 for proteasomal degradation ([@b5-bt_27-231]). TCTP overexpression led to p53 degradation and thus repressed apoptosis ([@b37-bt_27-231]). Moreover, TCTP stabilized Mcl-1 and Pim-3 by inhibiting the ubiquitin-dependent degradation pathway, resulting in enhanced anti-apoptotic activity ([@b27-bt_27-231]; [@b49-bt_27-231]). TCTP also has been shown to antagonize bax function ([@b40-bt_27-231]) but activate Bcl-xL ([@b43-bt_27-231]).

Regulation of the cell cycle and of apoptosis is closely related to tumorigenesis. It was shown that TCTP was highly expressed in tumor cells compared with normal cells, and injection of TCTP-knockdown U937 cells into SCID mice resulted in reduced tumor growth ([@b45-bt_27-231], [@b44-bt_27-231]). TCTP increased Pim-3 kinase stability, which promoted cancer progression in pancreatic cancer ([@b49-bt_27-231]). More interestingly, TCTP is most frequently down-regulated during tumor reversion ([@b45-bt_27-231], [@b44-bt_27-231]), which is a reprograming of cancer cells into less malignant phenotypes ([@b42-bt_27-231]; [@b6-bt_27-231]).

In this study, we investigated the role of SUV39H2 in lung cancer cells and demonstrated that it regulates cell proliferation inducing G~1~ cell cycle arrest.

MATERIALS AND METHODS
=====================

Cell culture
------------

HEK293, HEK293T, and A549 were purchased from the American Type Culture Collection (Rockville, MD, USA). HEK293 cells were cultured at 37°C in MEM supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL), and streptomycin sulfate (100 μg/mL). To generate stable cell lines expressing SUV39H2 in HEK293, pHM6 or pHM6-SUV39H2 containing a neomycin resistance gene was transfected and selected for stable clones in the presence of 1 mg/mL neomycin. The SUV39H2-overexpressing HEK293 cells were maintained in MEM supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL), streptomycin sulfate (100 μg/mL) and G418 (500 μg/mL). A549 cells, a non-small lung cancer cell line, were cultured at 37°C in RPMI 1,640 supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin sulfate (100 μg/mL) in a humidified atmosphere of 5% CO~2~. The SUV39H2-overexpressing A549 cells were produced by infection with viral particles produced from infection of 293T cells with pLT-CMV or pLT-CMV-SUV39H2, and selection of stable clones was performed in the presence of 400 μg/mL zeocin.

Cell counting
-------------

Control and SUV39H2-overexpressing cells were incubated for the indicated time. Cells were washed twice with PBS and incubated with a trypsin. The cells were harvested with media and counted using a Coulter counter (Beckman Instruments, Fullerton, CA, USA).

Western immunoblot analysis
---------------------------

The cells were washed twice with ice-cold PBS and incubated with RIPA lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nondiet P-40, 0.1% SDS, 1% sodium deoxycholate, 1 mM PMSF, protease inhibitor). After centrifugation at 13,000 rpm for 15 min, the protein concentration of the supernatant was measured. Aliquots of protein were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% non-fat dried milk in TBST buffer for 1 h and incubated overnight with primary antibody in TBST buffer containing 5% non-fat dried milk. The blots were treated with horseradish peroxidase-conjugated secondary antibody in TBST buffer containing 5% non-fat dried milk for 1 h, and immune complex was detected using a Westone ECL detection kit (Intron Biotechnology, Seoul, Korea).

Fluorescence-activated cell sorting (FACS) analysis
---------------------------------------------------

The cells were collected and washed twice with PBS. Cells were fixed in 70% ethanol, and stored at −20°C. When ready for use, cells were washed, and incubated with propidium iodide (PI, 50 μg/mL) and RNase (25 μg/mL) for 30 min at room temperature in the dark. PI fluorescence of individual cells were measured by flow cytometry (BD Biosciences, San Jose, CA, USA). The percentage of cells at each phase of the cell cycle was determined using the FlowJo program (BD Biosciences).

Yeast two-hybrid screening
--------------------------

For bait construction with human suppressor of variegation 3--9 homolog 2 (SUV39H2), cDNA encoding full-length human SUV39H2 and N-terminal-truncated SUV39H2 were inserted into the pGilda/LexA yeast shuttle vector at *Eco-*RI and *Xho*I enzyme sites. The cDNA encoding full-length and different deletion mutants (Met1-Gly69, Val70-Ala119, Glu120-Cys172) of TCTP were introduced into the pJG4-5/B42 prey vector at *Eco*RI and *Xho*I restriction enzyme sites. The bait pGilda/LexA-SUV39H2 and SUV39H2 plasmid were separately transformed into a yeast strain EGY48 \[*MATa*, *his3*, *trp1*, *ura3-52*, *leu2::pLeu2-LexAop6/pSH18-34* (*LexAop-lacZ* reporter)\] by a modified lithium acetate method ([@b38-bt_27-231]). The cDNA encoding B42 fusion proteins (pJG4-5 plasmid vector) (Clontech, Palo Alto, CA, USA) were inserted into yeast competent cells containing pGilda/LexA-SUV39H2, and the transformants were selected for tryptophan prototrophy (plasmid marker) on a synthetic medium (Ura^−^, His^−^, Trp^−^) containing 2% (w/v) glucose. All the transformants were pooled and re-spread on the synthetic medium (Ura^−^, His^−^, Trp^−^, Leu^−^) containing 2% (w/v) galactose to induce cDNA transformation. Cells growing on the selection media were retested on synthetic medium (Ura^−^, His^−^, Trp^−^, Leu^−^) containing 2% galactose (inducing condition) and 2% glucose (non-inducing condition) to confirm the dependency of their growth on the presence of galactose. Then, selected transformants were confirmed according to the previously described instruction ([@b38-bt_27-231]). The binding activity of the interaction was confirmed by measuring the relative expression level of β-galactosidase, which was determined using an ONPG β-galactosidase system as described previously ([@b38-bt_27-231]).

Co-immunoprecipitation
----------------------

Cells were lysed with RIPA buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1% sodium deoxycholate, 1 mM PMSF, protease inhibitor). Solubilized lysates were incubated with specific antibody or preimmune IgG at a final concentration of 1 μg/mL overnight at 4°C. Protein G-Sepharose (GE Healthcare, Waukesha, WI, USA) was then added for 2 h at 4°C. The samples were centrifuged, and washed three times with RIPA buffer and prepared for Western blotting by boiling in sample buffer. The immunoprecipitated proteins were detected by Western blot analysis.

Immunocytochemistry
-------------------

Cells were fixed with 4% formaldehyde and permeabilized with PBS containing 0.25% Triton X-100. Cells were then incubated with rat anti-HA antibody (Roche, Mannheim, Germany) and mouse anti-TCTP (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. After washing, cells were incubated with Alexa 594-conjugated goat anti-rat IgG (Red) and Alexa 488-conjugated goat anti-mouse IgG (Green) for 1 h at room temperature. After washing, the coverslips were mounted using mounting medium (Vector Labs, Burlingame, CA, USA). Cellular localization of HA-SUV39H2 and TCTP staining was visualized using confocal microscopy (Zeiss, Oberkochen, Germany).

Quantitative Real-Time PCR (qRT-PCR)
------------------------------------

Total RNA was isolated with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. cDNA was synthesized by reverse transcription of equal amounts of total RNA (1 μg) in 20 μL containing 0.5 μg of oligo dT, 2.5 μM of dNTP, 10 mM DTT, 1×first strand buffer and 40 U of Moloney murine leukemia virus (MMLV) reverse transcriptase (Invitrogen). The qRT-PCR was performed in 384-well plates with a LightCycler^®^ 480 real-time PCR instrument (Roche) using the LightCycler^®^ 480 SYBR Green I Master kit (Roche). Single-strand cDNA was amplified by PCR with primers SUV39H2 sense, 5′-TCCCACCTGGTACTCCCATC-3′; SUV39H2 antisense, 5′-CAGCCACGTCCATTGCTAGT-3′; GAPDH sense, 5′-TGATGACATCAAGGTGGTGAAG-3′; GAPDH antisense, 5′-TCCTTGGAGGCCATGTGGGCCAT-3′. For quantification Roche LC480 relative quantification software module LightCycler^®^ 480 software (Roche) was used. All values were normalizaed to the level of the housekeeping gene GAPDH.

Statistical analysis
--------------------

Data are expressed as the mean ± standard deviation (SD). Data were analyzed using one-way analysis of variance (ANOVA), followed by Student's t-tests for multiple comparisons. Differences were considered significant if *p*\<0.05. For survival analysis, Kaplan-Meier plotter ([@b21-bt_27-231]) was used to investigate the association of SUV39H2 mRNA or TCTP expression with overall survival of lung cancer patients.

RESULTS
=======

Forced expression of SUV39H2 decreased cell proliferation and induced G~1~ cell cycle arrest
--------------------------------------------------------------------------------------------

To investigate the effect of SUV39H2 on cell growth, it was stably overexpressed in a non-small cell lung cancer (NSCLC) cell line, A549, and an immortalized cell line, HEK293, and cell number was counted at the indicated time after plating. As shown in [Fig. 1A and 1B](#f1-bt_27-231){ref-type="fig"}, cell proliferation was suppressed in SUV39H2-overexpressing cells compared with control cells. Inhibition of cell proliferation can be due to delayed cell cycle progression or increased cell death. Cell cycle analysis was performed in A549 cells transfected with pEGFP or pEGFP-SUV39H2 by measuring the DNA content in GFP-positive cells in each group based on propidium iodide (PI) staining under flow cytometry. [Fig. 1C](#f1-bt_27-231){ref-type="fig"} shows that SUV39H2 leads to G~1~ cell cycle arrest with decreased cell populations in S and G~2~/M phases. The expression of SUV39H2 in A549 cells is presented in [Fig. 1D](#f1-bt_27-231){ref-type="fig"}. These results indicate that SUV39H2 inhibits cell proliferation by inducing G~1~ cell cycle arrest.

SUV39H2 is poly-ubiquitinated and is degraded through the ubiquitin-proteasome system
-------------------------------------------------------------------------------------

In mammalian cells, the majority of proteins is degraded by lysosomal or proteosomal pathways. Lysosomal degradation mainly occurs under stressed conditions, but ubiquitin-dependent proteosomal degradation occurs in highly selective protein turnover processes ([@b16-bt_27-231]). The ubiquitinated proteins are targets for degradation by p26 protesome, and the ubiqutin-proteasome system regulates cell cycle-associated proteins including cyclin-dependent kinase inhibitors ([@b2-bt_27-231]). We examined the effects of epoxomicin and MG132, two inhibitors of proteasomal activity, and chloroquine, an inhibitor of lysosomal activity, on the level of SUV39H2 protein. SUV39H2 protein was stabilized in cells treated with epoxomicin or MG132 ([Fig. 2A](#f2-bt_27-231){ref-type="fig"}), indicating that SUV39H2 is degraded by the proteasome. To investigate whether degradation of SUV39H2 is mediated by the ubiquitin-proteasome system, SUV39H2-overexpressing cells were transfected with pcDNA, pcDNA-Ub-wild type, or pcDNA-Ub-7KR in which all seven lysine residues critical for polyubiquitination are replaced with arginine. [Fig. 2B](#f2-bt_27-231){ref-type="fig"} shows that SUV39H2 protein level was decreased by wild-type ubiquitin, whereas it was further increased in mutant ubiquitin-expressing cells compared with the control. These results suggest that SUV39H2 is degraded by the ubiquitin-proteasome system. To detect direct ubiquitination of SUV39H2 protein, HEK293 cells were transfected with pHM6-His-SUV39H2-HA and pcDNA-Flag-Ubiquitin. Ubiquitinated SUV39H2 was detected in anti-Flag-ubiquitin immunoprecipitates in the presence of epoxomicin ([Fig. 2C](#f2-bt_27-231){ref-type="fig"}). These data indicate that SUV39H2 is poly-ubiquitinated and is degraded through the ubiquitin-proteasome system.

Identification of translationally controlled tumor protein (TCTP) as an SUV39H2-interacting protein
---------------------------------------------------------------------------------------------------

To further address the regulatory mechanism and biological function of SUV39H2 protein, we performed yeast two-hybrid assay to identify potential cellular SUV39H2-interacting partners. The human cDNA library was fused to the transcription activator, pJG4-5/B42 yeast cloning shuttle vector and was introduced into yeast cells containing pGilda/LexA-SUV39H2 (full length) as bait. Approximately 4.4×10^6^ independent transformants were pooled. After re-spreading on selection media (Ura^−^, His^−^, Trp^−^, Leu^−^), we obtained seven colonies, four of which showed galactose dependency. The plasmids were obtained from the selected yeast cells and transformed into *E. coli* KC8 to separate the plasmids carrying pJG4-5/B42-cDNA inserts. The plasmids were then segregated by the plasmid marker *trp* in the *E.coli* host strain, and the purified plasmids were sequenced. A homology search in GenBank using the BLAST program revealed that all four plasmids encoded human translationally controlled tumor protein (TCTP) (accession number: NM_003295). To confirm this result, positive interaction was measured using cell growth on leucine-deficient and ONPG β-galactosidase activity. As shown in [Fig. 3A](#f3-bt_27-231){ref-type="fig"}, β-galactosidase activity was fully activated (71.68 ± 1.19), in the presence of SUV39H2 (full-length) and TCTP, but it was not observed with the empty plasmid (vector only: 1.49 ± 0.97). Subsequently, cDNA constructs containing three deletion mutants were designed to localize the SUV39H2 binding domain of TCTP ([Fig. 3B](#f3-bt_27-231){ref-type="fig"}). In the two-hybrid system, the full-length human SUV39H2 cDNA and cDNA with either a plasmid containing a full-length human TCTP or three truncation mutant forms ([Fig. 3B, 1--69 aa, 70--119 aa, 120--172 aa](#f3-bt_27-231){ref-type="fig"}) were co-transformed into EGY48 yeast cells. Cells containing full-length SUV39H2 cDNA and one TCTP deletion mutant (120--172 aa) grew on the Ura, His, Trp and Leu deficient plates. Yeast cells transformed with the other deletion mutants (1--69 aa and 70--119 aa) failed to grow. Also, cells containing N-terminal-truncated SUV39H2 failed to grow ([Fig. 3A](#f3-bt_27-231){ref-type="fig"}). Quantitation of β-galactosidase activity is shown in [Fig. 3A](#f3-bt_27-231){ref-type="fig"}. These results collectively suggest that the N-terminal 60 amino acids of full-length SUV39H2 and the C-terminus of TCTP (120 aa--172 aa) are critical for binding.

Next, we aimed to detect the interaction between SUV39H2 and TCTP in human cancer cells. The SUV39H2-overexpressing A549 cells were transfected with pEGFP-TCTP. Immunoprecipitation was subsequently conducted using anti-HA (SUV39H2) or anti-GFP (TCTP) with whole cell lysates of SUV39H2 stable cells. As shown in [Fig. 3C](#f3-bt_27-231){ref-type="fig"}, TCTP was co-immunoprecipitated with SUV39H2. Immunofluorescence staining of SUV39H2 and endogenous TCTP showed co-localization of these two proteins in the nucleus ([Fig. 3D](#f3-bt_27-231){ref-type="fig"}). These results demonstrated that SUV39H2 and TCTP interact in lung cancer cells.

TCTP down-regulates SUV39H2 post-translationally
------------------------------------------------

TCTP physically interacts with several proteins including Pim-3, VHL and Mcl-1 and regulates their protein by inhibiting or increasing the ubiquitin-proteasomal degradation pathway ([@b5-bt_27-231]; [@b13-bt_27-231]; [@b49-bt_27-231]). To determine whether SUV39H2 protein level is changed in the presence or absence of TCTP, SUV39H2-overexpressing A549 cells were transfected with si-negative control (si-NC) or si-TCTP. We demonstrated that the level of SUV39H2 protein in the absence of TCTP was significantly increased by 3-fold ([Fig. 4A](#f4-bt_27-231){ref-type="fig"}), while overexpression of TCTP decreased SUV39H2 protein level ([Fig. 4B](#f4-bt_27-231){ref-type="fig"}). This led us to investigate the effects of TCTP on SUV39H2 mRNA expression. As shown in [Fig. 4C and 4D](#f4-bt_27-231){ref-type="fig"}, qRT-PCR data revealed that the level of SUV39H2 mRNA was not changed with TCTP knockdown or TCTP overexpression. These results indicate that TCTP regulates SUV39H2 at the protein level. To test if regulation of SUV39H2 expression by TCTP is due to changes in protein stability, we measured the half-life of the SUV39H2 protein in the presence or absence of TCTP after treatment with cycloheximide (10 μg/mL) to block further synthesis of SUV39H2 protein. As shown in [Fig. 5](#f5-bt_27-231){ref-type="fig"}, SUV39H2 proteins were rapidly degraded with a half-life of 7 h, in the presence of TCTP, whereas the half-life observed in the absence of TCTP (∼33 h) was significantly longer. Taken together, these results indicate that the stability of SUV39H2 is indeed influenced by the cellular level of TCTP.

TCTP inhibits apoptotic cell death by negatively regulating SUV39H2
-------------------------------------------------------------------

As TCTP is known to play an anti-apoptotic role ([@b26-bt_27-231]; [@b27-bt_27-231]; [@b40-bt_27-231]; [@b5-bt_27-231]; [@b37-bt_27-231]; [@b49-bt_27-231]; [@b43-bt_27-231]), we tested whether TCTP-knockdown induced apoptosis in A549 lung cancer cells and HEK293 immortalized cells stably transfected with SUV39H2 grown in 0.5% serum containing media. We observed that cell proliferation was decreased ([Fig. 6A, 6D](#f6-bt_27-231){ref-type="fig"}) with an increase in subG~0~/G~1~ population ([Fig. 6B, 6E](#f6-bt_27-231){ref-type="fig"}) in both TCTP-deficient SUV39H2 stable cells compared with control cells. Si-TCTP-transfected, SUV39H2-overexpresing cells displayed increase levels of PARP and cleaved caspase-3, -7, and -9, indicating that TCTP-knockdown induced apoptotic cell death ([Fig. 6C, 6F](#f6-bt_27-231){ref-type="fig"}). As TCTP-knockdown induced an increase in SUV39H2 protein ([Fig. 4A, 4B](#f4-bt_27-231){ref-type="fig"}, [6C, 6F](#f6-bt_27-231){ref-type="fig"}), we determined if increased SUV39H2 in the absence of TCTP plays a role in inducing apoptosis. Combined treatment of si-TCTP and si-SUV39H2 recovered SUV39H2 stable transfectants from apoptotic cell death with decreased levels of PARP and cleaved caspase-3, -7, and -9, compared with the si-TCTP treated group ([Fig. 6](#f6-bt_27-231){ref-type="fig"}). Taken together, our results indicate that TCTP inhibits apoptotic cell death by negatively regulating SUV39H2.

Clinical significance of SUV29H2 and TCTP in lung cancer patients
-----------------------------------------------------------------

Associations between clinical outcomes of lung cancer patients and expression of SUV39H2 or TCTP were examined using Kaplan-Meier Plotter ([@b21-bt_27-231]). The results revealed better overall survival of lung cancer patients with higher expression of SUV39H2 compared with patients with lower expression of SUV39H2 ([Fig. 7A](#f7-bt_27-231){ref-type="fig"}). However, the level of TCTP mRNA was inversely correlated with overall survival of patients with lung cancer ([Fig. 7B](#f7-bt_27-231){ref-type="fig"}).

DISCUSSION
==========

In this study, we showed that overexpression of SUV39H2 decreased cell proliferation and induced cell cycle arrest at the G~1~ phase in A549 lung cancer cells ([Fig. 1](#f1-bt_27-231){ref-type="fig"}). In addition, SUV39H2 induced apoptosis when anti-apoptotic TCTP was depleted, suggesting that SUV39H2 may play a tumor-suppressive role. Notably, lung cancer patients with higher level of SUV39H2 mRNA had favorable clinical outcome with longer overall survival compared with patients with lower SUV39H2 expression, whereas higher TCTP expression led to shorter overall survival ([Fig. 7](#f7-bt_27-231){ref-type="fig"}).

*Suv39h1* knockout mice display defects in heterochromatin and genome stability and, thereby, an increased risk of late onset lymphomas similar to non-Hodgkin lymphomas in human ([@b33-bt_27-231]). Overexpression of SUV39H1 repressed K-Ras-driven embryonal rhabdomyosarcoma ([@b4-bt_27-231]), suggesting a tumor suppressive role of SUV39H1.

However, the tumorigenic roles of SUV39H1 and SUV39H2 were described in human cancers recently ([@b15-bt_27-231]; [@b39-bt_27-231]; [@b50-bt_27-231]). These opposing reports imply that the function of SUV39H regarding tumorigenesis depends on the cellular context, although this conclusion remains to be verified.

To further clarify the regulatory mechanism of SUV39H2 degradation via the ubiquitin-proteasomal system ([Fig. 2](#f2-bt_27-231){ref-type="fig"}) and to characterize the role of SUV39H2 in cancer cells, we screened for molecules interacting with SUV39H2 using a yeast two-hybrid system and identified TCTP as a binding partner of SUV39H2 ([Fig. 3](#f3-bt_27-231){ref-type="fig"}).

TCTP is an oncogenic protein and it has been reported to be increased in several human cancers including breast cancer, colon cancer, pancreatic cancer, prostate cancer, and glioma ([@b17-bt_27-231]; [@b20-bt_27-231]; [@b29-bt_27-231]; [@b49-bt_27-231]; [@b10-bt_27-231]) and has been suggested as a therapeutic target in human cancer ([@b1-bt_27-231]). Our results demonstrated that direct binding of TCTP to SUV39H2 protein induced degradation of SUV39H2 and thus shortened the half-life of SUV39H2 protein ([Fig. 4](#f4-bt_27-231){ref-type="fig"}, [5](#f5-bt_27-231){ref-type="fig"}). With knockdown of TCTP in lung cancer cells, pro-apoptotic roles of SUV39H2 was uncovered ([Fig. 6](#f6-bt_27-231){ref-type="fig"}). Consistent with our data, knock-down of TCTP inhibited cell growth and induced apoptosis in prostate cancer ([@b20-bt_27-231]). These findings clearly indicate that the oncogenic protein TCTP negatively regulates the expression and function of SUV39H2.

As TCTP exerts its anti-apoptotic function by modulating stability or activity of proteins functioning in apoptosis ([@b26-bt_27-231]; [@b27-bt_27-231]; [@b40-bt_27-231]; [@b5-bt_27-231]; [@b37-bt_27-231]; [@b49-bt_27-231]; [@b43-bt_27-231]), SUV39H2 may be an additional target of TCTP in regulating apoptosis.

Taken together, our results indicate that SUV39H2 induces G~1~ cell cycle arrest, and thereby inhibits cell proliferation of lung cancer cells. As a novel binding partner of SUV39H2, TCTP negatively regulates protein stability and the apoptotic role of SUV39H2.
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![Forced expression of SUV39H2 decreased cell proliferation and induced G~1~ cell cycle arrest. (A) Control or SUV39H2-overexpressing A549 cells were counted at the indicated time after plating using a Coulter counter. Data are presented as mean ± SD of three independent experiments. ^\*^*p*\<0.05 indicates significant difference from the control group. (B) Control or SUV39H2-overexpressing HEK293 cells were counted at the indicated time after plating using a Coulter counter. Data are presented as mean ± SD of three independent experiments. ^\*^*p*\<0.05 indicates significant difference from the control group. (C) A549 cells were transfected with pEGFP or pEGFP-SUV39H2 and cell cycle analysis was performed by measuring DNA content after propidium iodide (PI) staining. ^\*^*p*\<0.05 indicates significant difference from the control group. (D) The level of SUV39H2 protein was detected by Western blotting.](bt_27-231f1){#f1-bt_27-231}

![SUV39H2 is poly-ubiquitinated and degraded by the ubiquitin-proteasome system. (A) HEK293 cells with transient or stable overexpression of SUV39H2 were treated overnight with proteasome inhibitors, 200 nM of epoxomicin or 20 μM of MG132, or an increasing amount of the lysosome inhibitor chloroquine (10 μM, 30 μM or 100 μM). Cells were harvested, and SUV39H2 protein was detected by Western blotting. (B) The SUV39H2-overexpressing cells were transfected with pcDNA, pcDNA-Ubiquitin-wild type, or pcDNA-Ubiquitin-7KR (lysine residue mutant). Two days after transfection, cells were harvested, and SUV39H2 protein was detected by Western blotting. (C) The HEK293 cells were transiently transfected with pHM6-His-SUV39H2-HA and pcDNA-Flag-Ubiquitin. Cell lysates were immunoprecipitated with anti-Flag antibody and then immunoblotted with anti-HA antibody.](bt_27-231f2){#f2-bt_27-231}

![SUV39H2 interacts with the anti-apoptotic protein TCTP. (A) Direct interaction of TCTP and SUV39H2 was determined in the yeast two-hybrid system. The N-terminal region of SUV39H2 binds to the C-terminal region of TCTP. The binding activity (unit) calculated by adding *o*-nitrophenyl β-D-galactopyranoside (ONPG) agents, are indicated below their corresponding lanes. An empty plasmid (vector only) was used as the negative control. (B) Schematic representation of cDNA constructs for SUV39H2 (full length and ΔN-term) and for each TCTP truncated mutant and full-length TCTP protein. (C) SUV39H2 overexpressing A549 cells were transfected with pEGFP-TCTP. Cell lysates were immunoprecipitated with anti-HA antibody (upper panel) or anti-GFP (lower panel) and then immunoblotted with anti-GFP (upper panel) or anti-HA (lower panel) antibodies, respectively. (D) Cellular localization of SUV39H2 and endogenous TCTP was determined by immunofluorescence staining in SUV39H2-overexpressing A549 cells. Cell images were captured at a magnification of 200× using confocal microscopy. Scale bar: 20 μm.](bt_27-231f3){#f3-bt_27-231}

![TCTP regulates SUV39H2 at the protein level. (A, C) The SUV39H2-overexpressing A549 cells were transfected with sinegative control (si-NC) or si-TCTP. (B, D) The SUV39H2-overexpressing A549 were transfected with pEGFP or pEGFP-TCTP. The protein or mRNA expression level was analyzed by immunoblotting (A, B) and qRT-PCR (C, D), respectively. Data are presented as mean ± SE of three independent experiments. ^\*^*p*\<0.05 indicates significant difference from the control group.](bt_27-231f4){#f4-bt_27-231}

![TCTP downregulates SUV39H2 post-translationally. (A) The SUV39H2-overexpressing A549 cells were transfected with si-NC or si-TCTP. After transfection, the cells were pre-treated with cycloheximide (CHX, 10 μg/mL) for 30 min. At each time point, whole cell lysates were prepared and analyzed via immunoblot analysis. For si-NC and si-TCTP, 100 μg and 25 μg of protein lysates were loaded, respectively. (B) The SUV39H2 bands were quantified with an Image J analyzer, and the level of SUV39H2 protein at each time point was converted to the fold-change of the level of SUV39H2 protein at time 0 and plotted to determine the turnover rate. Data are presented as mean ± SE of three independent experiments. ^\*^*p*\<0.05 indicates significant difference from the control group.](bt_27-231f5){#f5-bt_27-231}

![TCTP inhibits apoptotic cell death by negatively regulating SUV39H2 protein stability. (A) SUV39H2 stable A549 cells were transfected with indicated siRNAs for 72 h. Twenty-four hours after transfection, cells were cultured in low-dose serum (0.5%) containing media and harvested by trypsinization; cell number was determined using a Coulter counter (Beckman Coulter Life Sciences, Indianapolis, IN, USA). (B) Cell death was assessed as % subG~0~/G~1~ population of cells by measuring DNA content after PI staining using flow cytometry. (C) The cell lysates were analyzed by immunoblotting using PARP; cleaved caspase-3, -7, and -9; TCTP; SUV39H2; and β-actin antibodies. Data are mean ± SDs of three independent experiments. ^\*^*p*\<0.05 indicates significant difference from the control group. ^\#^*p*\<0.05 indicates significant difference from the si-TCTP-treated group. (D) SUV39H2-overxpressing HEK293 cells were transfected with indicated siRNAs for 72 h. Twenty-four hours after transfection, cells were cultured in low-dose serum (0.5%) containing media and harvested by trypsinization; cell number was determined using a Coulter counter. (E) Cell death was assessed as % subG~0~/G~1~ population of cells by measuring DNA content after PI staining using flow cytometry. (F) The cell lysates were analyzed by immunoblotting using PARP; cleaved caspase-3, -7, and -9; TCTP; SUV39H2; and β-actin antibodies. Data are presented as mean ± SE of three independent experiments. ^\*^*p*\<0.05 indicates significant difference from the control group.](bt_27-231f6){#f6-bt_27-231}

![The association of overall survival of human NSCLC patients and the mRNA levels of SUV29H2 or TCTP. (A) The association between the level of SUV39H2 mRNA and overall survival of lung cancer (whole dataset). (B) Correlation of TCTP mRNA expression and overall survival of lung cancer (whole dataset) as analyzed using the Kaplan-Meier Plotter. Hazard ratio (HR) significance was found with log-rank tests.](bt_27-231f7){#f7-bt_27-231}
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